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Abstract 2 LASER-COOLING IN ASTRID

A new technique for measuring the transverse profile of ioftt the ASTRID storage ring (figure (1) [3]) we have ap-

beams, using laser induced flourescence, is presented. Ti€d the technique of laser cooling to create and study
technique employs the resonant interaction of laser ligiflense, cold ion beams. Two means are used for the study of

with a beam of circulating ions in a storage ring. The lighf€ longitudinal degree of freedom. The technique of laser
from the spontaneous decay of the excited ions is imagdduced flourescence (LIF) involves an ion beam which
by an optical system onto a high resolution CCD, makin§aSSes through a cylindrical tube (called Post Acceleration
it possible to extract the beam’s transverse spatial distribl Y0€ (PAT)) which can be excited by a dc voltage, thereby
tion. The first results from this technique, including studietocally changing the ions velocity and thus the Doppler-

of the transverse to longitudinal coupling in a circulatingShifted resonant frequency of the optical transition. By
laser-cooled ion beam, are presented. sweeping the voltage on the tube we can bring different
velocity classes of the ion beam into resonance with the
laser, and thereby measure the longitudinal velocity distri-
bution [4]. An alternate method monitors the fluctuations
induced on a longitudinal pickup (Schottky-noise [5]) by

fluctuations in the total beam intensity. From the frequency

The creation and behavior of dense cold (i.e. having a ver ! . :
%pectrum of these fluctuations we can, under certain condi-

small velocity spread) ion beams in storage rings are ?IOI’]S, extract the longitudinal velocity distribution. This

interest for many storagg fing appllcauons. In this papet[achnique is sensitive to coherent behavior in the beam,
we present a new technique for measuring the transversale

size of an ion beam. The technique utilizes laser induc igeal for the ;tudy of gharge densny waves etc. [4]. As
" ) . e laser cooling force in a storage ring only applies to the
rourescer_wce anq SOIS especially applicable to beams Wh%%gitudinal degrees of freedom, the coupling between the
laser cooling [1] is utilized. longitudinal and the transverse motion is of major interest.
The situation is complicated by the fact that the 'coldest’
o state of ions in a storage ring is one with constant angu-
) = 280nm laser light lar velocity rather than constant linear velocity, though the
Coolhg Secton “ regime where this becomes important has probably not yet
been reached. Several schemes to enhance the transverse

to longitudinal coupling have been suggested [6]-[7].

1 INTRODUCTION

Injector

Dipole 3 TRANSVERSE DIAGNOSTICS

Other, more limited, techniques have been used for trans-
verse diagnostics with varying degrees of success. For in-
stance, non-destructive measurements of the transverse de-
Quadrupole gree of freedom can, in some cases, be done by extract-
\ ing the amplitude of the betatron sidebands in the Shottky-
. /22;1252?2 Dipote! ) noise spectrum of a coasting beam mduped in a tr'ansverse
pidkan, pickup [5]. This method, however, requires fairly intense
) beams, and furthermore doesn’t directly reveal the trans-
verse shape of the beam. A limitation is imposed by the fact
that laser cooling induces large distortions of the Schottky-
L m T_ noise signal [4]. Alternatively, a residual-gas ionization
Sehotly Pekup R Cady beam profile monitor (BPM) has be used to detect the ion-
T ization products from collisions between beam particles
and rest gas. This technique has been employed at the TSR
storage ring in Heidelberg [8]. The technique has areported
Figure 1: The ASTRID Storage Ring. spatial resolution of 260(5@)n, and a typical count rate
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for laser cooling conditions (singly charged ions, 1A rather short compared to the cooling section, and no influ-
current) of~ 300 s'!. The cold space charge dominatedence of the laser on the ion beam has been observed. Un-
beam radius in ASTRID for. 10° particles is Imm and the cooled ion beams with linear densities down to 1BBm—!
resolution of the BPM is not sufficient for detailed study othave been imaged. The main limiting factor for the sys-
space charge dominated beams, and definitely not for fututem is the readout noise of the CCD, as the dark current
studies of crystalline beams. Furthermore it is not desirable extremely low. This means that the present system, by
for the study of ultra-cold beams that the technique religsinning the CCD pixels in the beam directipreasily can
on collisions with the (hot) rest gas. measure beams with linear densities in the string regime
In the light of these considerations we have implementg@]. Thus this method of transverse beam diagnostics of-
a system to measure the beam profile by imaging tHers high sensitivity and resolution and is at the same time
flourescent light from the laser-excited ion beam onto aompletely nondestructive.
high resolution, low noise CCD camera. A further feature of the described system is that the mea-
surements are dispersion free. As the width of the elec-
amera ®) Camera tronic transition is small compared to the uncooled longi-
tudinal velocity spread (in our case an uncooled beam has
shutter . a spread of order 700 m/s where as the ion fraction in ve-

PAT ==, — locity space resonant with the laser has a FWHM of order
Lacer / 13 m/s), the system probes only a narrow velocity class,
‘ ‘ and the imaged beam profile is a measure of the horizon-
Beamv ] b\ / tal beam emittance without the need to consider dispersion.
o This of course also means that we can measure the disper-
sion by detuning the laser and probing the horizontal dis-
Figure 2: Schematic drawing of two perspectives of th&ibution of different velocity classes, this is illustrated in
CCD camera setup. figure 3.

The camera (setup shown in figure 2) can be used to ob- 175,
serve the ion beam either vertically or horizontally. The
section of beam observed by the camera passes throughthe  **°
above mentioned PAT. In front of the CCD is a mechanical
shutter which can be controlled externally, thereby making
it possible to image the ion beam at different times after
injection. The shutter has an open/close time of order 6ms.
The magnification and focus of the system can be calibrated
by inserting a plate with marks of known distances. This is
also the way to measure the laser profile, i.e. by making the

-
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Flourescence [arb. units]
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laser incident on a diffuser, and imaging the distribution on 257
the CCD.

The current CCD system consists of a cryogenically ° . o s 20 as
cooled CH260 camera head from Photometrics with a Tek- Relative Position on CCD fmim]

tronix TK1024AB CCD chip with 1024x1024 square pixels

with a side length of 24 microns. Thus the limiting resoluFigure 3: Horizontal beam profiles measured for different
tion is ~ 24 microns with a magpnification of 1, which is longitudinal velocities of a particular beam. The lines are
a resonable magnification as the beam sizes observed geissian fits to the data. The solid lineAg = -279.6m/s,
between 2 and 10 mm wide (FWHM). As explained abovehe long-dashed line idv=0, and the short-dashed line is
the system images the flourescent light from the ion beamv = 279.6m/s. For clarity the three curves have been reno-
interaction with an overlapping resonant laser in the beamalized to the same height.

pipe. In order to simplify the analysis of the images the

spatial intensity distribution of the laser beam needs to be 4 LASER COOLING RESULTS

uniform in the appropriate plane. This is done by activel%_ , i
sweeping a strongly focused (FWHM 1mm) laser beam 1€ AST2R4|D s+to.rage ring (figure 1) [3] was used to store
spatially in the desired plane. 100 keV**Mg* ions. The beam is bunched by a sinu-

The sensitivity of the described system relies on thgoidallyvaryingIongitudinal eIectricfieIdinthe beam path.
available laser power, as more laser power generates m&}}éefbunchmg frequency is the 16th ha}rm?n|c of the revolu-
flourescent light. To avoid the laser exerting a force on thit2" frequency. One counter propagating laser, produced by
ion beam while probing, the CCD system images the ioﬁequency-doublmg 560 nm light from two ring-dye lasers,
beam inside the PAT. The PAT is heid at a voltage400 overlaps the ion beam in one straight section (8 m) of the
V) _thUS making it possible to have the ior!s 0N resonance 1gjnning means that the charges in a given number of adjecant pixels
inside the PAT and far off resonance outside. The PAT isre added before readout.
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storage ring (figure 1). The ultraviolet light, which can 24
be frequency-tuned over a range of 20 GHz, drives the
(3%S1/2) < (3?P;2) electronic transition used for laser
cooling [9]. By scanning the laser frequency from large
red detuning (with respect to the resonant frequency of an
ion circulating at the ideal orbit) the particles can be cooled
to temperatures of order 1 Kelvin [10].

Experiments have been started with this new technique
involving a CCD camera, to explore the transverse phase
space as a function of longitudinal cooling. In figure 4 1
we first show results from observing an uncooled beam of T givdnal veloaty Spresd sl
ions. This plot clearly shows the expected nondependence
on the number of particles of the transverse size for an un-

cooled beam. Furthermore we can observe that the ratio%pure 5: Horizontal and vertical beam profiles measured

sizes between the two dimensionsds2.2, in good agree- or different longitudinal velocity spreads. The beam cur-

. ) . rents are not the same because the measurements weren't
ment with expections from the calculated beta functions o )
one simultaneously, but other measurements showed that
Bz =11.56m ands, =2.64m.

these results do not depend sensitively on beam current.
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tures) [12], as has already been done in ion trap experi-

o ° ° ments [13].
£ as | e———— 3 We have furthermore confirmed the presence of a longi-
g . tudinal to transverse coupling in a laser-cooled ion beam,
23_5 —————— and observed that the strength of the coupling depends
tg -=-Vertical Beam Size ~ 2.1mm strongly on the betatron tunes. We are currently working
g ° on gaining more insight into the behavior of the coupling
F 25 : . under varying conditions, which has implications for the

y e ultimate limit for cold ion beams and thus beam crystalli-

: sation.
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